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Objectives: We sought to determine if anterior cruciate ligament (ACL)-injured subjects demonstrated
side-to-side differences in tibial cartilage thickness soon after injury, and if uninjured-control subjects
displayed side-to-side symmetry in cartilage thickness. Second, we aimed to investigate associations
between body mass index (BMI), cross-sectional area (CSA) of the proximal tibia, and articular cartilage
thickness differences.
Methods: Bilateral Magnetic Resonance Images (MRIs) were obtained on 88 ACL-injured subjects (27
male; 61 female) a mean 27 days post-injury, and 88 matched uninjured control subjects. Within ACL-
injured and uninjured control subjects, side-to-side differences in medial and lateral tibial articular
cartilage thickness were analyzed with adjustment for tibial position relative to the femur during MRI
acquisition. Associations between tibial CSA and cartilage thickness differences were tested within high
and low BMI groups.
Results: Within the medial tibial compartment, ACL-injured females displayed signiﬁcant increases:
mean (conﬁdence interval (CI)) ¼ þ0.18 mm (0.17, 0.19) and decreases: mean (CI) ¼ 0.14 mm
(0.13, 0.15) in tibial cartilage thickness within the central and posterior cartilage regions respectively.
Adjustment for tibial position revealed a decreased area of signiﬁcant cartilage thickness differences,
though 46% of points maintained signiﬁcance.
In the lateral compartment anterior region, there was a signiﬁcantly different relationship between
cartilage thickness differences and CSA, within high and low BMI groups (BMI group*CSA interaction,
P ¼ 0.007). Within the low BMI group, a signiﬁcant negative correlation between cartilage thickness and
CSA was identiﬁed (P ¼ 0.03).
Conclusions: ACL-injured females displayed cartilage thickness differences in the central, and posterior
medial tibial cartilage regions. Tibial position effected thickness differences, but did not account for all
signiﬁcant differences.
Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.B.D. Beynnon, McClure Pro-
artment of Orthopedics and
cine, Burlington, VT, USA. Tel:
Argentieri), Daniel.Sturnick@
du (M.J. DeSarno), Mack.
James.Slauterbeck@uvm.edu
nson), Bruce.Beynnon@uvm.
eoarthritis Research Society InternIntroduction
Severe joint traumas, including injury to the anterior cruciate
ligament (ACL), have lasting effects on joint heath, and often result
in the early onset of post traumatic osteoarthritis (PTOA)1e10.
Though surgical reconstruction of the ACL has become the con-
ventional way to improve patient function, it does not prevent the
ultimate development of PTOA1,2,5,11. Reports estimate the highest
incidence of ACL-injury occurs in individuals between 15 and 26
years of age5,12. As a consequence, many young and otherwise
healthy individuals inevitably present with PTOA within 10e15
years of the index injury2,3,13,14. Presently, little is known about the
onset of cartilage degeneration after injury, though several studiesational.
Table I
ICC values for measurement reliability between two separate time points presented
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terations in joint contact mechanics2,3,16e18 are paramount factors
in the development of PTOA.
Magnetic Resonance Imaging (MRI) studies of ACL-injured pa-
tients often reveal concomitant injuries within the tibiofemoral
joint19,20, that are indicative of the large shear and compressive
loads developed across the joint at the time of injury2,3,5,19. Though
there might be an absence of gross defects within the articular
cartilage surface, bone marrow lesions below the articular cartilage
are common19, and serve as evidence of the substantial forces
transmitted through the cartilage at the time of ACL-injury2,19.
Transmitted forces of this magnitude are capable of disrupting the
organization of the collagen matrix, and there is evidence to sug-
gest that this initial impact could initiate a cascade of biological
events culminating in chondrocyte necrosis, alterations in cell
metabolism, loss of proteoglycan, and the ultimate development of
PTOA2,4e10. Previous research focused on cartilage status after ACL-
injury has revealed important links between the presence of
concomitant injuries and patient outcomes2,5,9,19,21,22. ACL-injured
patients who sustain concomitant injuries develop PTOA at
higher rates than patients who sustain isolated-ACL injuries5,22,23.
In addition to the consequences of the initial joint trauma, ACL-
injury results in alterations to the biomechanics of the tibiofemoral
joint including: altered location and orientation of the tibia relative
to the femur17,24, as well as changes in the location and distribution
of contact stresses17,25e27. These alterations are important to
consider, and add to an understanding of the relationship between
ACL-injury and subsequent PTOA development7,16. Though quan-
titative MRI measurements of cartilage thickness have been shown
to accurately depict changes within cartilage morphology5,28e34,
current research has yet to include consideration for the effect of
altered joint position on the measurement of cartilage thickness. To
our knowledge no previous studies have measured signiﬁcant side-
to-side differences in tibial cartilage thickness soon after ACL-
injury, though previous research has described both increased
and decreased cartilage thickness on the medial femoral condyle
and trochlear sulcus, respectively, at one- and two-year follow-ups
after ACL-injury1,35 Additionally, prior work has used radiographic
based techniques to measured acute changes in joint space width,
and has indicated both thinning and thickening of tibiofemoral
articular cartilage within months after ACL-injury36.
Presently, a paradigm exists where interventions for both pri-
maryosteoarthritis (OA) and PTOAhavebeen targeted at individuals
who already exhibit clinical signs and symptoms of an irreparable
disease process. Quantiﬁcation of early changes within the articular
cartilage soon after ACL-injurymay help to describe early structural
damage, and give insight to onset of PTOA; at a point in time where
structural deterioration may be reversible4,37,38.
Building on prior research the objectives of this study were
twofold. First, we sought to determine if ACL-injured subjects
exhibited signiﬁcant side-to-side differences in tibial plateau
articular cartilage thicknesses within a short time interval after
injury and, if uninjured control subjects displayed side-to-side
symmetry in tibial cartilage thickness. Additionally, we aimed to
determine if cartilage thickness differences were affected by the
position of the tibia relative to the femur during MRI acquisition.
Our second objective was designed to build on our ﬁrst, by deﬁning
effects of overall subject size (body mass index (BMI)) and the size
of a subject's proximal tibia (deﬁned by cross-sectional area (CSA)),
on the measurement of cartilage thickness.
Methods
Our Institutional Review Board gave approval for this study and
all subjects provided written consent prior to their participation.MRI data in this study were originally collected as part of a larger
longitudinal cohort study with a nested matched case-control
design39. The aforementioned study was designed to identify the
risk factors for noncontact ACL-injury, and resulted in a multivar-
iate model of risk39. Additional details of the MRI cohort, including
the recruitment protocol and subject demographics, have been
previously described40.
Varsity athletes from 28 high schools and 8 colleges were
monitored prospectively over a 4-year time interval for the occur-
rence of non-contact ACL-injures. Non-contact ACL-injury was
deﬁned as: an ACL-injury that had occurred in the absence of a
direct blow to the knee. 88 ACL-injured subjects (27 male, 61 fe-
male) who had sustained a ﬁrst time, grade III, non-contact ACL-
injury, during participation in organized high school or college
sport were included in this study. Uninjured control subjects (27
males, 61 females), were recruited teammates of the ACL-injured
subjects, who were matched on age, and sex. Case-control match-
ing of subjects from the same sports teamwas performed to control
for the type, amount, and level of activity of each case subject.
Using the Phillips Achivia 3.0T Research MRI (Fletcher Allen
Healthcare, Burlington, VT) bilateral MRI scans were obtained on
both ACL-injured, and uninjured-control subjects. Subjects were
positioned supine,with their knees in extension inside an 8-channel
SENSE coil. Sagittal plane, T1 weighted, Fast-Field Echo (FFE) scans
with a slice thickness of 1.2 mm, and a within-plane resolution of
0.3 mm by 0.3 mm, were obtained on all subjects. MRIs were ac-
quired on ACL-injured subjects after injury, but preceding any sur-
gical reconstruction (days post-injury: median 15, average 27, range
1e110). Using OsiriX Software (Pixmeo, Geneva, Switzerland,
version 3.6.1, open source) and a Cintiq 21 UK Digitizing tablet
(Wacom Tech Corp, Vancouver, WA, USA), digital imaging and
communications in medicine (DICOM) images were viewed and
manually segmented. Medial and lateral compartments of the tibial
plateau were segmented and considered separately. Articular
cartilage surfaces were segmented in both the sagittal and coronal
planes, from the edge of each compartment to the last slice on the
tibial spinewhere the cartilage surface was discernable. Medial and
lateral tibial plateau subchondral bone surfaces were segmented in
the sagittal plane (See Fig. 1 of Supplemental text). Intraclass cor-
relation coefﬁcient (ICC) values were obtained from an analysis of
reliability between two separate time points, indicated a high level
of cartilage thicknessmeasurement reliability (Table I). BecauseMRI
datawere acquired in the coordinate system of the scanner, and the
position of the tibia relative to the femur varied both within and
between subjects, MRI data were transformed into three-
dimensional bone based femoral and tibial coordinate systems
[Fig. 1(A)]. Tibial and femoral coordinate systems were used to
obtainmeasurements thatwere referenced to the anatomical planes
of each bone, allowing for comparison of data both between, and
within subjects.Methods used to establish and locate the coordinate
systems have been described41. Respective locations of the tibial and
femoral coordinate system origins allowed for a quantitative
description of the position of the tibia relative to the femur during
MRI acquisition. With this approach medial-lateral (ML) and
A B
Fig. 1. A: Tibial coordinate system in which digitized articular cartilage (light gray) and subchondral bone (dark gray) surface data were repositioned, including AP length and ML
width of the proximal tibia used to scale data to a mean size. B: Cartilage thicknesses were measured where a normal vector to the underlying subchondral bone intersected with
the overlying articular cartilage at each point on a standard 1 mm by 1 mm grid.
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were characterized bilaterally within each subject.
Using data obtained from the tibial coordinate system, cartilage
areas within each subject were scaled based on the AP, and ML
dimensions of the proximal tibia. Using a 1 mm by 1mm grid, three
tibial plateau cartilage regions: anterior, central, and posterior,
were deﬁned within the medial and lateral compartments
[Fig. 1(B)]. Cartilage thickness measurements were made at each
point on the 1 mm by 1 mm grid, for each region.
Cartilage thickness was measured at each point on the afore-
mentioned grid, where a normal vector from the cartilage surface
intersected with the underlying subchondral bone [Fig. 1(B)]. Each
subject's right knee was mirrored to match their left, so that side-
to-side differences in cartilage thickness could be measured.
Within ACL-injured subjects, differences in cartilage thickness were
measured between the injured and uninjured knees. Differences
within uninjured-control subjects were measured using the same
injured and uninjured-knee convention as their matched ACL-
injured subjects. In order to account for the size of the tibial
plateau, cross sectional area (CSA) of the proximal tibia was
measured at a standardized location inferior to the articular carti-
lage surface41.Statistical analyses
Previous studies have reported differences in tibiofemoral joint
morphology42,43 and risk factors for ACL-injury40,41 between males
and females. These ﬁndings suggest differences between the sexes
in the biomechanics and mechanism of ACL-injury, as well as po-
tential differences in the subsequent affects of injury. As such, it
was important to analyze male and female data separately.
Because ACL-injury alters the position of the tibia relative to the
femur, there was concern that the position of the articular surfaces
of the joint would have an affect on the cartilage thickness distri-
bution. Therefore within each subject, the side-to-side differences
in AP and ML tibial position (relative to the femur) were used as
covariates in analyses. Evaluation of the ﬁrst objective included
measurement of tibial plateau articular cartilage thickness within
ACL-injured and uninjured-control subjects. Side-to-side differ-
ences in cartilage thickness were compared using a mixed model
repeatedmeasures of variance at each point on the aforementioned
1 mm by 1 mm grid. Comparisons were made in a region (anterior,
central, posterior) and compartment (medial, lateral) speciﬁc
manner, and the determined P-values were adjusted for a False
Discovery Rate, using the Benjamini-Hochberg method. Our secondobjective aimed to evaluate if a relationship existed between
measured cartilage thickness proﬁle differences and subject size.
Categorical BMI groups were deﬁned based on the respective
ranges of male and female subject BMI data. Median BMI values
were used as the cut off for high and low BMI groups. Female
subjects were considered to have low BMI if it was less than 22.5, or
high BMI if greater than 22.5. Male subjects were considered to
have a low BMI if it was less than 23.2 or high BMI if it was greater
than 23.2. Analyses of variance (ANOVA) were used to test the as-
sociations between measurements of CSA, and magnitude of
cartilage thickness change for each BMI group, and to test for dif-
ferences in these associations between BMI groups. All statistical
analyses were conducted using SAS, version 9.2 (SAS Institute, Cary,
NC).Results
Summary statistics for measured articular cartilage thickness
within each region of both the medial and lateral tibial compart-
ments, including mean and 95% conﬁdence intervals (CIs), are
provided in Table II.Analyses of within subject comparisons of cartilage thickness
Within ACL-injured females (n ¼ 61), signiﬁcant side-to-side
differences in cartilage thickness were found in the central and
posterior cartilage regions of the medial tibial compartment
(Table III and Fig. 2). Speciﬁcally, signiﬁcant cartilage thickness in-
creases: mean (CI) ¼ þ0.18 mm (0.17, 0.19), were found within
15.9% of points in the central cartilage region, while signiﬁcant
cartilage thickness decreases: mean (CI) ¼ 0.14 mm
(0.13, 0.15), were found within 28.5% of points in the posterior
cartilage region of the medial compartment. Within ACL-injured
females, no signiﬁcant differences in lateral tibial cartilage thick-
ness were seen in the anterior, central, or posterior cartilage
regions.
Further analyses of ACL-injured females that were adjusted for
the AP and ML position of the tibia relative to the femur revealed a
decrease in the area where cartilage where signiﬁcant differences
were found, though 46% of points in the central and posterior re-
gions of the medial compartment maintained signiﬁcance.
Unadjusted analyses of ACL-injured females revealed no sig-
niﬁcant differences in cartilage thickness for any of the lateral
compartment cartilage regions, though differences within the
Table II
Mean (95% CI) cartilage thicknesses (mm) by sex, compartment and region for cases and controls in injured (or matched injured knees in controls) and contralateral uninjured
(or matched uninjured knees in controls) knees
Region Subjects Knee Mean (95% CI) cartilage thicknesses (mm)
Females Males
Lateral Medial Lateral Medial
Anterior Cases Injured 1.30 (1.21e1.39) 1.62 (1.55e1.69) 1.42 (1.26e1.57) 1.79 (1.72e1.87)
Uninjured 1.21 (1.13e1.29) 1.57 (1.50e1.64) 1.38 (1.24e1.51) 1.71 (1.62e1.81)
Controls Injured* 1.25 (1.16e1.34) 1.54 (1.48e1.61) 1.46 (1.32e1.61) 1.87 (1.75e1.99)
Uninjured* 1.25 (1.17e1.32 1.56 (1.50e1.63) 1.41 (1.26e1.55) 1.81 (1.71e1.91)
Center Cases Injured 2.75 (2.63e2.86) 2.08 (1.99e2.16) 2.99 (2.87e3.11) 2.30 (2.20e2.41)
Uninjured 2.69 (2.58e2.80) 2.08 (2.00e2.16) 2.97 (2.82e3.11) 2.24 (2.14e2.35)
Controls Injured* 2.61 (2.51e2.71) 1.99 (1.92e2.05) 3.08 (2.92e3.24) 2.32 (2.21e2.43)
Uninjured* 2.58 (2.48e2.68) 2.02 (1.95e2.10) 3.02 (2.83e3.20) 2.32 (2.21e2.43)
Posterior Cases Injured 2.81 (2.69e2.93) 1.68 (1.61e1.75) 2.77 (2.64e2.89) 1.62 (1.52e1.73)
Uninjured 2.84 (2.72e2.96) 1.76 (1.69e1.84) 2.81 (2.68e2.94) 1.70 (1.59e1.81)
Controls Injured* 2.71 (2.62e2.81) 1.72 (1.65e1.79) 2.86 (2.73e2.99) 1.88 (1.75e2.00)
Uninjured* 2.68 (2.58e2.77) 1.70 (1.62e1.78) 2.86 (2.71e3.01) 1.84 (1.70e1.98)
* Uninjured control subjects with same injured and uninjured side convention as matched case subject.
Table III
Signiﬁcant side-to-side (injured-to-uninjured knee) differences in medial tibial
articular cartilage thickness within ACL-injured females (n ¼ 61)
Cartilage region Mean (mm) 95% CI (mm) Range (mm)
Anterior e e e
Central þ0.18 (þ0.17, þ0.19) 0.10 to 0.29
Posterior 0.14 (0.13, 0.15) 0.27 to 0.07
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signiﬁcance.
Analyses of male ACL-injured subjects revealed no signiﬁcant
side-to-side differences in cartilage thickness for any of the three
cartilage regions (anterior, central, posterior), within the medialFig. 2. Signiﬁcant injured-to-uninjured side differences in articular cartilage thickness
found in the medial compartment within ACL-injured females. Articular cartilage was
thicker in the central region and thinner in the posterior region of ACL-injured knees.and lateral compartments after adjustment for tibial position
relative to the femur (Supplemental text Fig. 2). Uninjuredmale and
female control subjects exhibited no signiﬁcant side-to-side dif-
ferences in tibial cartilage thickness for any of the anterior, central,
or posterior cartilage regions within the medial or lateral
compartments.
ANOVA results for cartilage thickness difference vs categorical BMI,
and mean CSA
Within the categorized high and low BMI groups, relationships
within ACL-injured subjects between mean injured-uninjured side
differences in cartilage thickness, and injured-uninjured side mean
CSA were tested. A signiﬁcant relationship was only found within
female ACL-injured subjects, for the anterior cartilage region of the
lateral compartment. Within the low BMI group, there was a sig-
niﬁcant negative correlation between cartilage thickness mean and
CSA mean (P-value ¼ 0.03; r ¼ 0.39). There was also a nearly
signiﬁcant positively correlated relationship between mean carti-
lage thickness mean and CSA mean for the High BMI group (P-
value ¼ 0.08; r ¼ 0.32). In addition, the BMI group*CSA mean
interaction was signiﬁcant (P-value ¼ 0.007), indicating a signiﬁ-
cant difference in the thickness vs CSA relationships between BMI
groups.
Discussion
ACL-injured females displayed signiﬁcant side-to-side differ-
ences in articular cartilage thickness within the medial compart-
ment. Speciﬁcally, signiﬁcant increases in tibial cartilage thickness
were found within the central region of the medial tibial cartilage,
while signiﬁcant decreases in tibial cartilage thickness were found
within the posterior cartilage region. Notably, within the current
study ACL-injured males did not display signiﬁcant side-to-side
differences in cartilage thickness. The cartilage thickness data for
male ACL-injured subjects was more variable than ACL-injured fe-
males. Greater variability within ACL-injured male data, in
conjunction with a comparably smaller male sample size may have
decreased the level of statistical power and obscured signiﬁcant
ﬁndings.
Measured cartilage thickness differences within ACL-injured
females are biomechanically signiﬁcant as they represent a
magnitude of change that is more that 10% of the mean cartilage
thickness within the medial compartment, and were not fully
E.C. Argentieri et al. / Osteoarthritis and Cartilage 22 (2014) 1453e1460 1457explained by position of the tibia relative to the femur. Blunt impact
forces to the articular cartilage, such as those produced at the time
of ACL-injury, have been shown to alter the organization of the
collagen matrix even in the absence of gross cartilage defects2,6e10.
Disruption of the cartilage matrix is a potential cause for the
measured increase in cartilage thickness; increased thickness may
be reﬂective of a shift in water content, created by an acute loss of
proteoglycan from the cartilage. This notion is further supported by
research that has employed the use of specialized MRI techniques
to observe changes in both cell metabolism, and glycosaminoglycan
indices of the cartilage within a short time interval after ACL-
injury4,6,7. Previous studies have revealed signiﬁcant side-to-side
differences in the delayed Gadolinium-Enhanced MR Imaging of
Cartilage (dGEMRIC) indices within the medial tibiofemoral
compartment of ACL-injured subjects44,45. Additionally, at one-year
follow up after ACL-injury Li et al. described the prolongation of T1
rho, indicative of a loss of proteoglycan within a similar region of
the tibial cartilage in the medial compartment4.
Biomechanically, ACL-injury causes changes within the loading
environment of the tibiofemoral joint2,3,16e18,25,27. In the current
study alterations in the position of the tibia relative to the femur at
the time of MRI acquisition were found to be an important meth-
odological factor to consider when making side-to-side compari-
sons of cartilage thickness. Statistical analysis with adjustment for
the position of the tibia relative to the femur duringMRI acquisition
had a signiﬁcant inﬂuence on the magnitude of side-to-side carti-
lage thickness differences. If the 3D position of the tibia relative to
the femur were not considered in the statistical analysis, the
magnitude of measured side-to-side differences would have been
ampliﬁed. ACL-injury causes a shift in tibiofemoral contact me-
chanics to a more lateral and posterior location on the tibial
plateau17,27. Within the current study, the decreases in tibial carti-
lage thickness seen within the posterior cartilage region may be a
result of increased load being transmitted through the posterior
medial meniscus. Decreased cartilage thickness in this region could
be further propagated by regional variations in the material and
structural properties of the tibial cartilage; therefore loading
cartilage unsuited to bear such loads3,16,27,46,47. Conversely, the
cartilage within the central cartilage region that is conditioned for
functional weight bearing, but might be subjected to a decrease in
load do to the more anterior position of the tibia relative to the
femur.
Abnormal biomechanics and subsequent changes in the tibio-
femoral joint loading environment have been proposed as a
contributing factors for the progression of cartilage degeneration
(PTOA)3,16,27,46e48. Altered orientations include a two-degree in-
ternal rotational orientation, a three-millimeter anterior shift, and a
one-millimeter medial translation of the tibia relative to the femur
within ACL-injured subjects performing a static lunge24. The
loading environment of tibial plateau articular cartilage is inﬂu-
enced by altered kinematics after an ACL-injury25,27,49. In an ACL-
injured knee, locations of highest contact stress transmission
throughout gate can shift to thinner cartilage regions that are not
conditioned to withstand such stress3,16,25e27,47.
Advancements of the study include its rigorous study design
and highly standardized measurement methodology. Only subjects
who had suffered their ﬁrst ACL-injury (to either knee) were
recruited for participation in this study. Uninjured controls were
matched to the ACL-injured subjects on age, sex and participation
on the same sports team. As such, therewas control for the amount,
level, and type of activity that subjects participated in prior to
injury. A consistent deﬁnition of non-contact injury mechanisms
was applied to all subjects, which avoided confounding results that
may have been introduced by differences in joint biomechanics
between contact and non-contact injury mechanisms. For eachsubject, bilateral MRI data were acquired in a consistent manner,
with knees placed in extension, and patella aligned vertically, using
the same 8-channel SENSE coil and MRI unit. Data analyses
included the use of tibial and femoral coordinate systems that
allowed us to establish the complete 6 degree-of-freedom position
of the tibia relative to the femur during MRI acquisition and make
reliable measures of cartilage thickness both within and between
subjects.
Some limitations exist with the application of this study design.
MRI data were acquired at a single time point after ACL-injury but
prior to surgical reconstruction; a time interval which varied be-
tween ACL-injured subjects. However, themajority of subjects were
recruited and evaluated within a short time interval (median 15
days) after ACL-injury. Consequently, this study should be consid-
ered to have focused on the response of articular cartilage to the
trauma produced at the time of ACL disruption and its initial
healing response. We were interested in determining if the time
interval between ACL disruption and MRI data acquisition had an
effect on cartilage thickness and consequently we performed post-
hoc analysis. This revealed the time interval between injury and
MRI acquisition was not signiﬁcantly correlated with differences in
articular cartilage thickness. Data collected from this unique patient
demographic allowed for the investigation of the early traumatic
effects of ACL-injury on cartilage thickness. However, without
longitudinal data it is difﬁcult to determine how the early changes
in cartilage thickness are associated with the future onset and
progression of PTOA. Future work is needed to characterize the
progressive response of articular cartilage and bone. With such
information, the time interval during which an intervention could
be effective may be identiﬁed.
Additionally, leg axis and muscle forces could have an inﬂuence
on articular cartilage thickness through alteration of contact
stresses developed across the joint. Such measurements require
data acquired with standing radiographs, which were not collected
in this study. Recent work by Marsh et al. reported correlations
between tibiofemoral joint space width measured off of weight-
bearing X-ray, weight bearing MRI, and non-weight-bearing MRI50.
In addition, frontal plane (varus-valgus) alignment of the tibia was
characterized in the current study through the orientation of the
tibial coordinate system relative to the femoral coordinate system
during MRI acquisition. No side-to-side differences in varus-valgus
alignment within ACL-injured and uninjured control subjects were
found. Consequently, limb alignment and muscle forces were
thought to have minimal inﬂuence on both cartilage thickness or
the within ACL-injured subject differences reported in this study.
Other limitations of this study include the incomplete under-
standing of the effect of concomitant articular cartilage and
meniscal injuries on the differences in cartilage thickness proﬁle
seen within ACL-injured females. Most ACL-injured subjects suffer
some degree of bone marrow lesions and a large number suffer
articular cartilage and meniscus lesions at the time of injury5,19.
Data on concomitant injury were not collected on all subjects. As a
result, conclusions on their inﬂuence cannot be made. However,
medical records including intra-operative arthroscopic documen-
tation of meniscus and articular cartilage pathology were collected
on a subset of 25 female subjects, 13 and 15 of which had a
meniscus or cartilage injury diagnoses, respectively. Post-hoc
analysis was completed to investigate potential effects. No signiﬁ-
cant differences in articular cartilage thickness were identiﬁed
between groups based on meniscus or cartilage injury status.
Consequently, the inﬂuence of such concomitant pathology may be
small. Lastly, this study focused on characterizing changes in the
tibial plateau articular cartilage. Changes in articular cartilage
morphology throughout the femoral condyles, trochlea and patella
may be equally, if not more, important. Future research should
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in order to obtain a more comprehensive understanding of the
effects of an ACL-injury.
In conclusion, tibial plateau articular cartilage thickness differ-
ences were identiﬁed between the injured and uninjured legs of
ACL-injured females. These differences were located within the
medial compartment only, and were signiﬁcant after adjustment
for tibial position relative to the femur during MRI data acquisition.
No side-to-side differences in tibial cartilage thickness were found
within ACL-injured male subjects; and both male and female
uninjured-control subjects displayed no side-to-side differences in
cartilage proﬁle. Consequently, differences seenwithin ACL-injured
females represent a signiﬁcant change in tibial plateau articular
cartilage morphology as a result of ACL-injury. Quantiﬁcation of
these acute changes could act as a predictor for the progression of
cartilage damage, and yield insight to the onset of PTOA, at a point
in time where structural deterioration may be reversible.
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